It is known that dendrimers can bind proteins with good selectively. This selectivity comes about from an optimization based on matching the size of the dendrimer with the size of the protein's interfacial binding area. In this paper we report how this selectivity can be moderated by the functionality on the surface of the dendrimer. Specifically, we describe the synthesis of amino acid functionalized dendrimers, and the effect of functionality on the dendrimer's ability to bind and inhibit the enzymatic protein, chymotrypsin. The results show how dendrimer binding can be increased or decreased, dependent on the terminal functionality. These results will allow new ligands to be designed and synthesized possessing increased and selective protein binding abilities.
INTRODUCTION
Although not well understood, it is now accepted that most proteins function through cooperative partnerships with other proteins. These protein aggregates have an essential role in many biological processes, including signal transduction, cytoskeletal remodeling, cell regulation, immune response, viral self-assembly and many others. [1] [2] [3] However, there is also a possibility for irregular protein interactions, which can result in a range of disease processes. Examples include the homo-dimeric complex HIV-1 protease and the aggregation of misfolded proteins in diseases such as Alzheimer's and several forms of rheumatoid arthritis. 4, 5 Additionally a number of cancer therapies rely on the disruption of certain protein-protein complexes. For example, inhibitors of c-Myc are important for cancers linked to sustained activation of c-Myc.
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In general, the size of a protein's binding or interfacial area (known as the hot spot) 7 ranges from 500 2 up to 5000 . 8, 9 These interacting surfaces tend to be highly charged, with overall interactions dominated by simple (polyvalent) electrostatics. Preliminary research within our group aimed at mimicking the mechanism of protein-protein binding, investigated the use of a series of dendrimers that could bind proteins via a simple size-based mechanism. Specifically, our studies investigated a series of carboxylic acid functionalized dendrimers of varying size and studied their ability to bind proteins with differing interfacial areas (cytochrome-c and chymotrypsin). 10 The results confirmed that optimum binding occurred when the dendrimer's maximum addressable area matched the dimensions of the target protein's interfacial area. From this study it was clear that matching the size of the dendrimer's addressable area with the interfacial area of the protein was more important than simple charge-charge interactions, which is the case for linear polymers.
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As such, larger dendrimers possessing the most charge do not necessarily result in optimum, or high affinity binding. The best interactions are the result of an optimal synergy between the size and shape of the dendrimer/protein structure and the ensuing enthalpic and entropic properties of the complex. We were also able to demonstrate (using circular dichroism) that dendrimer/protein binding was not accompanied by changes in protein structure.
14 Although the principle interactions are electrostatic, proteins bind specifically and with high affinity because of additional non-covalent interactions provided by the amino acid functionality.
Bogan and Thorn studied the role of amino acid functionality and amino acid preferences within the hot spot/interfacial regions, finding that hot spots are enriched by the presence of tryptophan, tyrosine, and arginine. 15 Although the occurrence of these amino acids is relatively rare within a protein's structure, it was determined that when they do occur, they were more likely to appear at the interfacial area. 16 The enhanced binding of these amino acids comes from their ability to contribute additional interactions. For example, tyrosine and tryptophan can contribute a hydrophobic surface, as well as aromatic -interactions, and in the case of tyrosine, additional hydrogen bonding comes from its 4-hydroxy group. 17 Conversely, there are a number of amino acids known to effect binding negatively, or be of little or no benefit with respect to protein-protein interactions. These include leucine, methionine, serine, threonine and valine, all of which are regarded as "bad" amino acids. 16 The importance of specific amino acids on increasing the binding of synthetic protein ligands was demonstrated by Hamilton using functionalized porphyrin 18 and calixarene 19 scaffolds. Hamilton later showed how a series of functionalized porphyrins with different groups could bind to a series of proteins with high affinity. 20 In addition to our results using dendrimers, Higashi 21 showed how dendrimers terminated with poly-glutamic acid could be used to bind amino acids (as opposed to proteins). The glutamic ends formed -helices, which preferentially bound D-amino acids with positive cooperativity. Tomalia also reported the use of dendrimers to bind a variety of amino acids and proteins. In this work the dendrimers were functionalized with a spin-label and EPR used to observe and quantify binding. 22 
RESULTS AND DISCUSSION
For the work described in this paper we wanted to construct dendrimers functionalized with "good"
and "bad" amino acids and to study their ability to bind a protein. Chymotrypsin was selected as our target protein, as it possess a well-known and defined structure. In addition, chymotrypsin's active site entrance sits within a typical protein hot spot of binding interface. This interface is rich in positive charge and has a binding area around 2400 Å 2 . Binding to this interface will block substrate access and lead to inhibition, which can be related to binding efficiency/strength. 10 Towards these aims and based on the work of Bogan, 15 three different amino acids were proposed;
phenylalanine, tyrosine and valine. We predicted that dendrimers functionalized with phenylalanine or tyrosine would bind better than the equivalent unfunctionalized dendrimer and act as an enhanced ligand or inhibitor for chymotrypsin (during a hydrolysis experiment). On the other hand, dendrimers functionalized with valine would result in poorer binding and therefore be a worse inhibitor than either the unfunctionalized dendrimer, or the dendrimers modified with the phenylalanine or tyrosine. The idea is shown schematically in Figure 1 .
Before stating any synthesis, we first needed to consider how functionalization would affect the dendrimer's size. The interfacial area of chymotrypsin is rich in positive charge and 2400 Å 2 in size. Therefore, an optimized dendrimer would need to have a surface rich in negative charge and a binding or addressable area that matched as closely as possible the interfacial area of chymotrypsin.
Our original experiments 10 determined that the G2.5 dendrimer with 32 terminal carboxylates was the optimum sized dendrimer for chymotrypsin binding. However, functionalizing the G 2.5
dendrimer would increase its size above the point where optimum binding had occurred. We therefore selected the smaller G1.5 dendrimer with16 terminal carboxylic groups, as a scaffold to support a layer of amino acids. Although this dendrimer has fewer terminal groups and therefore fewer charges, our previous experiments had clearly shown that matching 5 dendrimer/protein size was more important than charge density.
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The unfunctionalized G 1.5
dendrimer possesses a maximum addressable area of just 1400 Å 2 . However, when any amino acid is added, the size of the maximum addressable will increase and can be estimated by taking the carboxylic acid, to carboxylic acid diameter. Doing this generates an estimated addressable area 1800 Å 2 . However, if we include phenylalanine's and tyrosine's aromatic side chain in our estimate, then the maximum addressable areas increase to around 2000 Å 2 and 2300 Å 2 respectively.
The isopropyl group on valine does not significantly affect the dendrimers size. As such we decided to use the G 1.5 dendrimer and functionalize it with tyrosine, phenyl alanine and valine. The binding of the dendrimers would be compared to that obtained suing the unfunctionalized G2.5 dendrimer, which had previously been shown to be optimized with respect to size and chymotrypsin binding. 10 Although functionalizing amine terminated dendrimers is well established, 23 there are far fewer reports describing the successful and total amino acid functionalization of carboxylate dendrimers. Our method used EDC (1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride) as the coupling agent, as this is known to work in water, which can minimize by-products and simplify purification. 24 The G 1. The functionalization data and the maximum addressable area for each dendrimer is shown in Table 1 . All attempts to optimize the reaction (for all three amino acids) did not increase the level of functionalization. However, all dendrimers contained a similar level of functionalization.
In addition, full functionalization is not required. The key requirement is that enough amino acids be added, allowing the dendrimer to present amino acid functionality across all of its surface and over its maximum addressable area. Therefore, functionalizing all of the terminal groups is not required. Specifically, and assuming an even distribution of amino acids across the dendrimers surface, a 50% level of functionalization would allow the various functional groups to span the full addressable area. In our case, just under 70% of the dendrimer surface was functionalized. This is more than enough to ensure that the maximum addressable areas have a significant number of amino acids on their surface. 
G1.5-Val 1800
Having synthesized the functionalized dendrimers, the next step was to assess protein binding with respect to terminal group functionality. Binding was assessed using chymotrypsin and the inhibition method previously reported. 10 Chymotrypsin is a member of the serine protease family of enzymes and catalyzes the hydrolysis of peptide bonds, cleaving them at the carboxyl end of the aromatic residue. The active site entrance of chymotrypsin is at the center of its interfacial/binding area. Therefore, when a dendrimer binds to the interfacial area, it blocks the entrance and substrates cannot enter, resulting in enzyme inhibition. Therefore, the dendrimer that binds the best will also inhibit the best and binding can be directly related to inhibition efficiency (i.e. at a particular concentration 50% inhibition equals 50% binding). 10 An initial control experiment was undertaken to determine the activity of the non-inhibited reaction (no dendrimer present). Table 1 . We have previously shown that the protein catalyzed hydrolysis of BTNA is unaffected if the reaction is repeated in the presence of a neutral OH terminated dendrimer (i.e. one that is not charged and cannot bind to the protein). 10 Additionally, we have shown that carboxylate terminated dendrimers do not affect or modify the conformation of the protein.
14 10 SCHEME 2: The hydrolysis reaction used to follow chymotrypsin inhibition and protein binding.
Having carried out the background/baseline reactions and the control reactions, we then repeated the protein-mediated hydrolysis using equimolar amounts of the functionalized dendrimers and chymotrypsin. The data is shown graphically in Figure 2 . In all cases the reaction profiles and initial rates were reduced when compared to the uninhibited reaction, indicating that all dendrimers inhibited the reaction and were therefore bound. However, it is clear from the graph that dendrimers with different terminal functionalities possessed varying abilities to bind and inhibit chymotrypsin. Dendrimers functionalized with tyrosine have the same size as the control/unfunctionalized dendrimer, but showed much stronger binding (shallowest gradient). This increase in binding occurs despite the fact that the tyrosine functionalized dendrimers have fewer charges. Therefore, although electrostatics are important with respect to binding, the increase comes from secondary interactions that add strength cooperatively (aromatic -, hydrophobic and H-bonding interactions). The next best inhibitor was the dendrimer functionalized with phenylalanine, whilst the dendrimer that bound worst was the valine functionalized dendrimer (steepest gradient). The initial velocities (v 0 ) and relative binding are shown in Table 2 . translate directly to a relative binding efficiency. The data is shown in Table 2 . The dendrimer with tyrosine bound best with a relative binding value of 68%, whilst the valine dendrimer bound worst with an affinity of just 47%. When compared to previous results using the non-functionalized G2.5 dendrimer, 10 this equated to a 16% increase and a 19% decrease in the binding affinity for the tyrosine and valine dendrimers respectively. These results confirm the importance of the secondary interactions provided by the amino acid functionality, which may result in improved selectivity for protein binding. As such, these results have increased our understanding of the importance of size and terminal functionality with respect to the application of dendrimers to protein binding.
These results will allow us to develop "next generation" macromolecules for application as selective or specific protein ligands and as inhibitors to protein-protein interactions. Towards these aims, we are currently constructing new multivalent dendrimers that possess a number of different amino acids on their surface. Whilst preparing to submit this manuscript, a paper detailing how a selective binding can be increased using a multivalent/macromolecular approach was published. 25 In addition, we also plan on developing dendrimer based combinatorial approach for the synthesis, selection and identification of optimum ligands for specific proteins.
SUPPORTING INFORMATION
The supporting information provides details of the synthesis, characterization of the amino acid functionalized dendrimers. The experimental procedure for protein binding is also described. This information is available free of charge via the internet at http://pubs.acs.org
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